Introduction
Germ cells have many common features. Their stem cells generate the germline tissue during development and often maintain it in adults; their cell fate decisions include entry into the meiotic cell cycle and specialization as sperm or egg; and they retain the potential for totipotency (gametes produce all cell types in the next generation). Because germ cells are an ancient cell type and share these many traits, their developmental regulation is likely based on an ancient program that has been modified during evolution to achieve phyla-and species-specific character.
This chapter describes the molecular regulation of germline self-renewal, cell fate decisions, and totipotency in the nematode Caenorhabditis elegans. Our understanding of C. elegans germline stem cell (GSC) regulation began in 1981 with discovery of their mesenchymal stem cell niche and progressed through the years with discoveries of molecular mechanisms of niche signaling and a downstream regulatory network with many counterparts in other stem cell systems. The key C. elegans GSC regulators are conserved broadly, making this system a paradigm for stem cell regulation. Although much is known about C. elegans GSC regulation, major questions remain. The C. elegans zygote embarks on an invariant cell lineage to generate all somatic tissue plus two germline stem cells (GSCs). GSCs subsequently divide variably to make the germline tissue during larval development and to maintain it in adults (Kimble and Hirsh, 1979; Sulston and Horvitz, 1977; Sulston et al., 1983) .
Nonetheless, the principal mechanisms regulating GSCs are similar in the two sexes, though some details differ (Kimble and Crittenden, 2007; Kimble and Hirsh, 1979; Kimble and White, 1981; Morgan et al., 2010; Sulston et al., 1983) .
C. elegans germline stem cells and germline organization
C. elegans GSCs generate the germline tissue during development (Kimble and Hirsh, 1979) , maintain it in adults (Crittenden et al., 2006) , and regenerate it after periods of starvation (Angelo and Van Gilst, 2009; Seidel and Kimble, 2011) . First-stage (L1) larvae are born with two GSCs, which generate the adult germline clonally ( Fig. 1 ) (Kimble and Hirsh, 1979) . Proliferation of the GSCs during larval development generates an adult germline containing ∼1,000 germ cells in each of the hermaphrodite's two gonadal arms. The adult germline is organized in a simple linear fashion with self-renewal at the distal end and differentiating gametes at the proximal end (Fig. 2) . Lineage analysis of adult GSCs has not been technically possible, but multiple lines of evidence suggest existence of a stem cell pool with ∼35-70 GSCs at the distal end of the germline tissue (e.g. Cinquin et al., 2010; Crittenden et al., 2006) . Both larval and adult C. elegans GSCs divide variably with respect to orientation and asynchronously in time and do not use stereotyped asymmetric cell divisions (Crittenden et al., 2006; Kimble and Hirsh, 1979) .
The Distal Tip Cell forms a niche for GSCs
The niche for GSCs consists of a single mesenchymal cell, called the Distal Tip Cell (DTC) (Fig. 3) . Each hermaphrodite has two DTCs, one located at the distal end of each gonadal arm ( Fig. 2, asterisk; Fig. 3 A single gonadal arm has been extruded from an adult hermaphrodite and stained with DAPI (blue) to visualize nuclei, an oocyte marker (green) and a sperm marker (red). An asterisk ( * ) marks the distal end, where the Distal Tip Cell forms the niche for GSCs (see Figure 3) . Each hermaphrodite has two such arms, each with ∼1000 germ cells. Germ cells mature in a linear pattern from distal to proximal with GSCs most distal and gametes most proximal. The somatic gonadal cells in each gonadal arm include a single DTC (see Figure 3) , two sheath cells that partially wrap germ cells in meiotic prophase, eight myoepithelial cells that surround the oogenic region, and the spermatheca and uterus more proximally. Only the spermatheca is easily visible in this image. Micrograph from Kyung Won Kim (Kimble lab). A. The DTC nucleus (red), highlighted with nuclear mCherry, is localized at the distal end. Germ cell nuclei visualized using DAPI. Micrograph from Hannah Seidel (Kimble lab). B. DTC (red), highlighted with cytoplasmic GFP, shows cell body at the distal end and DTC processes extending proximally. The onset of germline differentiation is observed using the GLD-1 marker (green). Micrograph from Karla Knobel (Kimble lab).
Germline nuclei (DAPI)
the DTC encapsulates the tip of the gonad, and an elaborate network of DTC processes extends along the gonad proximally, ending at the boundary of early meiotic entry (Fig. 3) .
Remarkably, the DTC is responsible for maintaining GSCs throughout the life of the animal. Ablation of the DTC at any stage of development causes all GSCs to enter the meiotic cell cycle and differentiate (Kimble and White, 1981) . Furthermore, although the orientation of GSC cell divisions is variable, the destiny of GSC progeny is reproducible relative to the niche: daughters adjacent to the DTC remain undifferentiated, whereas daughters born at a distance from the DTC ultimately enter the meiotic cell cycle and differentiate (Crittenden et al., 2006; Kimble and White, 1981; McGovern et al., 2009) . Thus, the fate of GSC progeny is determined by their proximity to the DTC; through this spatially-defined mechanism, the DTC controls generation of the adult germline during larval development as well as replenishment of this tissue during adulthood.
Molecular regulation of GSC self-renewal
Key molecular regulators of GSCs have been identified by their dramatic effects on self-renewal: their removal causes GSCs to cease self-renewal and differentiate. These regulators have been analyzed genetically to understand regulatory relationships, biochemically to learn molecular mechanisms, and microscopically to place them in cellular context. As a result, GSC regulation is now reasonably well understood, although some intriguing gaps remain.
The DTC uses Notch signaling to maintain GSCs
The DTC niche maintains GSCs through GLP-1/Notch signaling. The canonical Notch signaling pathway employs similar core components in all animals: a DSL transmembrane ligand, a transmembrane Notch receptor, and a pathway-specific transcription factor complex to activate transcription (see Kopan and Ilagan, 2009 for details) . Figure 4 diagrams these components in the distal gonad of C. elegans: the DTC expresses the DSL ligands LAG-2 and APX-1, and GSCs express the Notch receptor GLP-1 (Crittenden et al., 1994; Henderson et al., 1994; Nadarajan et al., 2009; Tax et al., 1994) . After cleavage, the intracellular domain of the GLP-1/Notch receptor works with a CSL DNA-binding protein, LAG-1, and a transcriptional co-activator, LAG-3/SEL-8, to activate transcription (Christensen et al., 1996; Doyle et al., 2000; Petcherski and Kimble, 2000) .
The importance of GLP-1/Notch signaling for GSC maintenance is demonstrated by the effects of either GLP-1/Notch removal or over-activity. Removal of the GLP-1/Notch receptor mimics DTC ablation: all GSCs enter the meiotic cell cycle and differentiate (Austin and Kimble, 1987) . This fate transformation occurs in early larvae in the glp-1 null mutant, but also is observed after removal of GLP-1 at any stage, which can be accomplished using staged temperature shifts of temperature-sensitive glp-1 mutants or staged RNAi. Conversely, in glp-1 gain-of-function mutants, where the GLP-1 receptor signals independently of the ligand, meiotic entry does not occur; instead, germlines become tumorous and fill with mitotically dividing cells (Berry et al., 1997) . Thus, GLP-1/Notch signaling is required continuously for GSC maintenance throughout post-embryonic development, and the typical confinement of GSCs to the distal end of the gonad relies on localized restriction of DSL ligands to that end.
In addition to the classic case of C. elegans GSCs, Notch signaling controls stem cells in a variety of vertebrate tissues. Examples include muscle stem cells (Bjornson et al., 2012; Mourikis et al., 2012) , neural stem cells (e.g., Ehm et al., 2010; Imayoshi et al., 2010) , and intestinal stem cells (Pellegrinet et al., 2011) . The control of C. elegans GSCs by the DTC may therefore provide a simple paradigm for a widely used mechanism of stem cell control.
Specification of the Distal Tip Cell to its niche-forming fate
Given that GSCs are maintained by their proximity to the DTC, molecular specification of the DTC's capacity to form a niche is central to stem cell regulation. The DTC is born in the invariant cell lineage of the somatic gonad (Kimble and Hirsh, 1979) , and its fate is specified through an asymmetric cell division controlled by the Wnt/␤-catenin asymmetry pathway (Kidd et al., 2005; Phillips et al., 2007; Siegfried and Kimble, 2002) . In the daughter cell destined to become the DTC, the Wnt/␤-catenin asymmetry pathway activates transcription of ceh-22, which encodes the single C. elegans Nkx2.5 homeodomain transcription factor (Lam et al., 2006) . When either ␤-catenin or ceh-22 is absent, both daughters are transformed to another cell type of the somatic gonad; conversely, when either transcription factor is aberrantly expressed in both daughters, they both become DTCs and form ectopic niches. Therefore, the Wnt/␤-catenin asymmetry pathway and its Nkx2.5 target specify the DTC and its niche fate.
FBF regulates the differentiation state of adult GSC stem cells
Downstream of GLP-1/Notch signaling is an intrinsically-acting regulator of GSCs: FBF, the collective term for two nearly identical PUF (for Pumilio and FBF) RNA-binding proteins, FBF-1 and FBF-2 (Zhang et al., 1997) . Removal of either FBF paralog individually has little effect on GSCs, but removal of both FBF-1 and FBF-2 together causes a complete failure in maintenance of adult GSCs: in fbf-1 fbf-2 adults, GSCs fail to self-renew and instead enter the meiotic cell cycle and differentiate (Crittenden et al., 2002; Lamont et al., 2004) .
Like all PUF proteins, FBF is a sequence-specific RNA-binding protein that binds a well-defined regulatory element, typically within the 3 untranslated region of its target mRNAs (Fig. 5) (Bernstein et al., 2005; Zhang et al., 1997) . The major mode of mRNA regulation by PUF is repression . One mechanism for mRNA repression, verified in yeast, worms, flies, and mammals, involves PUF recruitment of the CCR4-Not complex, a deadenylase that can either destabilize the mRNA or lead to its silencing (e.g. Goldstrohm et al., 2008) . A second mechanism, validated so far in worms and mammals, involves PUF recruitment of an Argonaute protein and a core component of the translational machinery, eEF1-alpha, to block translational elongation (Friend et al., 2012) . Other mechanisms may also exist, given that PUF proteins interact with additional protein partners, although the biochemical significance of those interactions remains poorly understood. Finally, FBF is also capable of positively regulating at least two of its targets, via interaction with the GLD-2 poly(A) polymerase (Kaye et al., 2009; Suh et al., 2009 ).
Identification of FBF target mRNAs reveals an elaborate regulatory network controlling self-renewal vs. differentiation (Fig. 6) . All of the targets identified using candidate approaches were found to encode proteins regulating germ cell differentiation (e.g. GLD proteins promote meiotic entry, FOG-1 protein promotes the sperm fate). Putative targets identified using a genomic approach include >1000 additional mRNAs, many of which also encode key . RNA regulatory network for GSC self-renewal and differentiation. FBF serves as a major a hub in the network controlling self-renewal and differentiation. FBF inhibits expression of many differentiation regulators. Some FBF targets control entry into the meiotic cell cycle and others control the sperm/oocyte decision. In addition, FBF inhibits MPK-1, which encodes the major C. elegans ERK/MAP kinase (Lackner et al., 1994; Wu and Han, 1994) . FBF also likely regulates over 1000 additional mRNAs, identified by FBF immunoprecipitation followed by microarray analysis of associated mRNAs (Kershner and Kimble, 2010), many of which are shared as likely human Pum targets (see text).
regulators of differentiation (Kershner et al., 2013; Kershner and Kimble, 2010) . Thus, FBF emerges as a broadspectrum regulator of likely >1000 mRNAs.
Importantly, PUF proteins are conserved stem cell regulators. Not only does FBF regulate C. elegans GSCs, but the PUF protein Pumilio similarly regulates adult GSCs in Drosophila (Forbes and Lehmann, 1998; Lin and Spradling, 1997) , and planarian DjPum maintains neoblasts, the magical cells responsible for planarian regeneration (Salvetti et al., 2005) . The role of PUF proteins in controlling vertebrate stem cells is not yet clear.
Given their conservation as stem cell regulators, the question emerges: Do PUF proteins across organisms regulate stem cells through a set of common target mRNAs? The answer is not yet known, but a comparison of putative PUF target mRNAs from C. elegans (FBF in GSCs) and humans (PUM in immortalized cells) reveals significant overlap (Kershner et al., 2013; Kershner and Kimble, 2010) . The common target mRNAs encode components of major developmental signaling pathways, as well as cell cycle and cell death regulators (e.g. components of Ras/MAPK, Notch, PI3/Akt, Hedgehog, Wnt pathways plus cyclin E, cyclin B and CED-4). Even so, only one common PUF target mRNA, that encoding ERK/MAP kinase, has been validated to date in both C. elegans and human embryonic stem cells (Lee et al., 2007) . Considerable work remains to analyze the significance of other common PUF targets, but these initial findings support the idea that PUF proteins are broad-spectrum inhibitors of differentiation throughout the animal kingdom.
Nutrition regulates GSC self-renewal and germline regeneration
The GSC regulation described above dominates in well-fed animals grown under optimal laboratory conditions. However, additional controls come into play when food is scarce. When first-stage larvae (L1s) are hatched into nutrient-poor conditions, they enter a phase of L1 diapause, during which all cell divisions arrest, including GSC divisions; GSC divisions also arrest during the dauer larval stage, a stress-resistant, alternative third larval stage that forms in response to low food and crowding. During both L1 diapause and the dauer stage, GSCs arrest in the G2/M stage of the cell cycle (Fukuyama et al., 2006; Narbonne and Roy, 2006) . This quiescence is regulated by the tumor suppressor gene daf-18/PTEN and AMP-activated protein kinase (Fukuyama et al., 2006; Fukuyama et al., 2012; Narbonne and Roy, 2006) . In addition to L1 diapause and the dauer stage, germline proliferation is also sensitive to dietary restriction during the third and fourth larval stages (L3 and L4). This later effect is controlled in two ways: Insulin/IGF-like signaling and ribosomal protein S6 kinase act in the germline to control cell-cycle progression (Korta et al., 2012; Michaelson et al., 2010) , and the TGF-ß pathway acts in the DTC to alter the balance between GSC proliferation and differentiation (Dalfó et al., 2012) . Finally, when adult animals are starved, adult GSCs cease dividing (Salinas et al., 2006) . In adults starved for longer periods (i.e. starvation beginning in L4s and extending into adulthood), growth is arrested overall, and oocyte production is dramatically slowed (Angelo and Van Gilst, 2009; Seidel and Kimble, 2011) . The germlines of these animals shrink over time and can ultimately contain as few as 35 germ cells per gonadal arm (compared to ∼1,000 per gonadal arm in a well-fed adult). Upon re-feeding, these germ cells can regenerate a full germline tissue comparable to that of an adult that had never experienced starvation (Angelo and Van Gilst, 2009; Seidel and Kimble, 2011) . Thus, GSCs respond to changes in food availability throughout the life of the animal, although the mechanisms regulating this response in adults are less well understood. 
Molecular regulation of GSC differentiation
When GSC daughter cells leave their niche, they enter the meiotic cell cycle and differentiate as either sperm or oocyte. C. elegans gamete production is unusual in that hermaphrodites first produce sperm as larvae and later make oocytes as adults. Yet gamete production in adults is similar to that of most species -adult C. elegans males make sperm and adult C. elegans hermaphrodites make oocytes.
Regulation of the mitosis/meiosis cell cycle decision
Germ cells can divide either mitotically or meiotically. Mitotic germ cell divisions expand germ cell number during development and maintain it in adults, whereas the meiotic cell cycle generates haploid gametes, typically after chromosomal recombination. The balance between these cycles must be regulated to maintain GSCs but prevent tumor formation. For simplicity, this cell cycle regulation is dubbed the "mitosis-meiosis decision".
One confusion has been that the mitosis-meiosis decision is sometimes equated with the decision between selfrenewal and differentiation. Yet the ∼225 mitotically dividing germ cells include one small pool of ∼50 undifferentiated or naïve cells within the niche (the GSC pool) and another larger and more proximal pool of ∼150 cells that have been triggered to progress towards differentiation (Cinquin et al., 2010) . Therefore the two decisions are not identical: the mitosis-meiosis decision focuses on cell cycle regulation while the self-renewal vs. differentiation decision focuses on regulation of the differentiation state -with overt meiotic entry being only one readout of that differentiated state.
Notch signaling maintains C. elegans germ cells in the mitotic cell cycle throughout development and adulthood, and the FBF RNA-binding protein maintains germ cells in this cycle in late larvae and adults (see above). FBF promotes the mitotic cell cycle by repressing several mRNA targets: cki-2 mRNA, which encodes a mitotic cell cycle inhibitor (Kalchhauser et al., 2011) ; gld-1 and gld-3 mRNAs, which encode proteins that drive meiotic entry (Crittenden et al., 2002; Eckmann et al., 2004) ; and mRNAs encoding the functional machinery of the meiotic program (e.g. synaptonemal complex proteins) (Merritt and Seydoux, 2010) . Genomic analyses have identified many more likely targets of FBF with similar functions (Kershner and Kimble, 2010).
The key regulators of meiotic entry include three GLD (for GermLine development Defective) proteins (Eckmann et al., 2004; Eckmann et al., 2002; Francis et al., 1995; Kadyk and Kimble, 1998; Wang et al., 2002) . Details of regulation by the GLD proteins can be found elsewhere (Kimble, 2011), but we emphasize that like the two FBF proteins, the three GLD proteins all regulate mRNAs. GLD-1 is a sequence-specific RNA-binding protein and translational repressor (Jan et al., 1999; Lee and Schedl, 2010) . GLD-1 targets have been studied intensively and include mRNAs encoding the GLP-1/Notch receptor and cyclin E (Biedermann et al., 2009; Jungkamp et al., 2011; Lee and Schedl, 2001; Marin and Evans, 2003; Wright et al., 2011) . By contrast, GLD-2 and its partner GLD-3 form a heterodimeric poly(A) polymerase that activates translation (Suh et al., 2006; Wang et al., 2002) . Therefore, the major regulators of the mitosis-meiosis decision (FBF and the GLDs) function post-transcriptionally -FBF and GLD-1 by repression and GLD-2 and GLD-3 by activation.
Regulation of the sperm/oocyte cell fate decision
Normally, adult hermaphrodites make only oocytes, whereas adult males make only sperm. Germline sex is determined by a global sex determining pathway that relies on cell signaling and germline-specific regulators that act within the germ cell (reviewed in Ellis and Kimble, 1995) . Details of sperm-oocyte fate specification are beyond the scope of this chapter, but here we emphasize the major regulators that act downstream of cell signaling to control the sperm/oocyte decision within germ cells.
The germline-specific regulators of the sperm/oocyte decision include FOG-1 and FOG-3, which act at the end of the sex determination pathway to drive specification of the sperm fate (Barton and Kimble, 1990; Ellis and Kimble, 1995) . Loss of either FOG-1 or FOG-3 leads to germline sexual transformation from sperm to oocyte production. Importantly, FOG-1 and FOG-3 also regulate sperm specification in C. remanei, a closely related male/female species (Chen et al., 2001; Cho, 2003) . Therefore, although the regulatory machinery enabling sperm production in XX hermaphrodites has evolved recently (Ellis and Schedl, 2007; Haag and Liu, 2013) , the terminal regulators driving the sperm fate are conserved and likely ancient.
Like the major regulators of the mitosis-meiosis decision, primary regulators of the sperm/oocyte decision regulate mRNAs. FOG-1 is a CPEB RNA-binding protein Luitjens et al., 2000) , and FOG-3 is a 6 stembook.org C. elegans germline stem cells and their niche Tob/BTG homolog (Chen et al., 2000) . Oocyte-promoting regulators include GLD-1, a quaking/STAR RNA-binding protein (Jones et al., 1996; Kim et al., 2009) , and RNP-8, a novel RRM motif-containing protein (Kim et al., 2009 ). Thus, unlike in somatic cells (e.g. muscle, nerve), where cell fate is predominantly controlled by transcription factors, the primary cell fate regulators in germ cells act post-transcriptionally.
Remarkably, the sperm/oocyte decision is made continuously (or must be maintained) even in adulthood. When either FOG-1 or FOG-3 is depleted during adulthood, using RNAi, the adult germline switches from sperm to oocyte production (e.g. Chen et al., 2000) . Likewise, addition of a sperm-promoting regulator, accomplished using a temperature-sensitive gain-of-function mutant, can switch adult hermaphrodite germlines from oocyte to sperm production (Barton et al., 1987) . Therefore, even in adults, some germ cells are not irreversibly committed to either sperm or oocyte fate. Of particular interest to this chapter, the GSCs remain labile while their daughters become committed to either the sperm or oocyte fate soon after they leave their niche and transition into the meiotic cell cycle (Morgan et al., 2013) . Thus, as expected for stem cell multipotency, GSCs retain potential to generate either sperm or oocytes.
Relationship of mitosis/meiosis and sperm/oocyte decisions
A major question in the germ cell field has been whether the mitosis/meiosis decision and the sperm/oocyte decision are one and the same (Kimble and Page, 2007) . In C. elegans, these decisions have now been separated definitively: using genetic and chemical tools to manipulate these decisions separately, germ cells initially fated to become sperm can be induced to switch to an oocyte fate even after meiotic entry has occurred (Morgan et al., 2013) . Nonetheless, C. elegans GSC progeny progress towards both decisions at about the same time, and the regulatory networks driving the two decisions overlap (Kimble and Crittenden, 2007; Morgan et al., 2013) . Thus, the two decisions are separate but linked. Given that germ cells are an ancient cell type, we suggest that the two decisions may be distinct in all organisms, with the linkage between them more or less elaborate in individual species. Teasing apart these decisions was not simple in C. elegans and may prove difficult in less tractable organisms.
Regulation of germ cell totipotency
GSCs normally make sperm or oocytes, which ultimately fuse and contribute to all cell types in the next generation. Thus, germ cells are specialized for their potential to differentiate as any cell type, a phenomenon called totipotency (Seydoux and Braun, 2006 ). An understanding of germ cell totipotency may inform our understanding of pluripotency and directed somatic differentiation.
One regulator of C. elegans germ cell totipotency is transcriptional: germ cells can be converted into specific neurons after ectopic expression of a single transcription factor dedicated to specification of that neuron, coupled with deacetylase inhibition (Tursun et al., 2011) . A different and more unusual regulator of totipotency is posttranscriptional (Ciosk et al., 2006) . C. elegans germ cells can be transformed into neuronal, muscle or intestinal cells simply by removing a single RNA-binding protein (GLD-1), an effect that is enhanced dramatically by removing two RNA-binding proteins (GLD-1 and MEX-3). Intriguingly, the transcriptional and post-transcriptional germ cell conversions into somatic cells occur in different parts of the germline tissue. The transcriptional conversion occurs in mitotically dividing germ cells in the distal gonad, whereas the post-transcriptional conversion occurs more proximally in pachytene germ cells (Ciosk et al., 2006; Tursun et al., 2011) . Consistent with this spatial distinction, proximal germ cells rely largely on post-transcriptional regulation (e.g. meiotic entry), whereas GSCs in the distal gonad are regulated both transcriptionally (e.g. Notch signaling) and post-transcriptionally (e.g. FBF). The post-transcriptional regulation of totipotency in the C. elegans germline may foreshadow the existence of a similar mechanism in vertebrate cells.
Conclusions, perspectives and future challenges
C. elegans GSCs stand out as a model for stem cell regulation that relies on localized niche signaling rather than regulated asymmetric cell divisions. Their well-defined niche provides a paradigm for stem cell regulation by Notch signaling, and the network downstream of Notch signaling provides a paradigm for post-transcriptional regulation of self-renewal and cell fate specification. Thus, key transcriptional and post-transcriptional mechanisms work together to maintain GSCs and regulate their decision between self-renewal and differentiation. Intriguingly, transcriptional and post-transcriptional mechanisms also control totipotency in the C. elegans germline. We suggest that a combination of transcriptional and post-transcriptional controls is critical not only for controlling GSCs but also more broadly for other totipotent or pluripotent cells to achieve ultimate plasticity.
Although much is known about C. elegans GSCs and their regulation, many fundamental questions remain. What defines a stem cell in a system without regulated asymmetric divisions? Evidence for a pool of 35-70 GSCs is strong, but what determines that number and what molecular landscape defines their stem cell state? Evidence for a network regulating the balance between self-renewal and differentiation is also strong, but what regulates the balance and the dynamics of the shift from self-renewal to differentiation? What regulatory mechanisms maintain GSC totipotency and how are GSCs channeled into gamete production without a loss in totipotency? How can a GSC pool regenerate a functional germline of the correct size and organization? The foundation has been laid for addressing these basic questions, and recent advances in genome editing (e.g. Friedland et al., 2013; Golic, 2013) make them yet more tractable in this already powerful system.
